Solid phase micro-extraction (SPME) coupled with Gas Chromatography Mass Spectrometry (GC-MS) was used to extract and analyse the volatiles in the headspace above the plasmodial and sporulating stages of the slime mould Physarum Polycephalum.
Introduction
Physarum polycephalum is a member of the supergroup Amoebozoa [Baldauf et al. 2000] and of the class/superclass Myxogastridae (or myxomycetes) commonly referred to as plasmodial or true slime molds. Although historically classified as fungi, molecular data now clearly show that they are most closely related to the cellular slime molds (Dictyostelidae). The vegetative stage (macroplasmodium) is a large, single cell containing multiple dipoid nuclei that divide precisely at the same time. Macroplasmodia migrate by protoplasmic streaming which reverses circa every 60 s. [Kishimoto 1958] Plasmodia engulf bacteria, myxomycete amoebae and other microbes [Dussutour 2010 ].
They also secrete enzymes for digesting the engulfed material. Starvation of the macroplasmodium in the presence of light induces differentiation into specialized sacs (sporangia), a highly regulated process, which includes the complete conversion of the macroplasmodium into "fruiting bodies". Haploid spores are produced inside the fructification by meiosis. The germinated spore can transform into either an amoeba-like myxamoeba cell or a flagellated swarm cell (mxyoflagellate) [Sauer 1982] . It has been shown that in addition to the conditions mentioned both calcium and malate are sporulating-promoting factors [Renzel et al. 2000 ].
Cytoplasm streams rhythmically through a network of tube, circulating nutrients and chemical signals and forming pseudopods that allow the organism to navigate and respond to its environment. Under adequate nutrition, P. polycephalum plasmodia are completely sedentary and grow steadily [Ashworth and Dee 1975] , but on nonnutrient substrates, they migrate a few centimeters per hour [Halvorsrud and Wagner 1998 ], directed by external stimuli, including gradients of nutrients such as sugars and proteins [Carlile 1970 , Ueda 1975 and Durham and Ridgway 1976 . When two or more identical food sources are presented at various positions to a starved plasmodium, it optimizes the shape of the network to facilitate effective absorption of nutrients [Nagaki et al.2000] , and plasmodia select the higher concentration patch when two patches differ in nutrient concentration [Dussutour 2010 ].The plasmodium not only propagates according to the position of nutrients but also in response to external/environmental gradients in light level and humidity. It is also well established that P. polycephalum will propagate according to gradients in certain chemical species, either chemoattractants or chemorepellents. The P. polycephalum plasmodium is a model system for studying nonmuscular motility, and its chemotactic behavior has been well documented [Durham and Ridgway 1976, Kincaid and Mansour 1978ab, Ueda and Kobatake 1982, Beylina et al. 1996] In particular, substances causing negative taxis (repellents) were shown to increase the period of contractility and to decrease the area of spreading when present uniformly within the substrate. Kobatake, 1982 and Beylina et al. 1996] . Experimental studies confirmed that the following substances acted as chemoattractants for the plasmodium, glucose, galactose, maltose and mannose, [Carlile 1970, Knowles and Carlile 1978] peptones [Carlile 1970 , Coman 1940 ] the amino acids phenylalanine, leucine, serine, asparagine, glycine, alanine, aspartate, glutamate; and threonine, [Chet et al. 1977 substances, the effect on the plasmodium can be determined by the proximity of the organism to the source (or the concentration of the source), meaning that some substances can act as both chemoattractant and chemorepellent molecules. An example is the sugars galactose and mannose, which are reported to act as chemoattractants [Carlile 1970 polycephalum. Among the substances tested the strongest effect was observed with 4-(-3-butoxy-4-methoxybenzyl)-2-imidazolidinone and moderate effects from theophylline and other xanthine derivatives (interestingly they observed negative chemotaxis at high concentrations).
There has been much work carried out studying the volatile secretions of fungi and bacteria , Morath et al.2012 There has also been a great deal of work undertaken in analysing the volatile secretions of plants [ Kesselmeier and Staudt 1999] and insects [Metcalf 1987 ]. This again has a predominantly commercial motivation for developing insect repellents, crop protection, flavour products etc. However, there are some studies which investigate the evolution of common signalling molecules within ecosystems [Schiestl 2010 ]. Slime molds play an important role within the temperate and tropical forest ecosystems where they are important heterotrophs in the decomposition of organic matter. Therefore, it is probable that their secretion and response to VOCs would have evolved in partnership with these other organisms.
However, to date no studies have analysed the volatiles emitted from P. polycephalum.
The aim of the study was to assess and investigate the headspace volatiles above the plasmodial phase and post sporulation stage of P. polycephalum.
Materials and Methods

Culturing of Physarum polycephalum.
The true slime mold, the plasmodium of Physarum polycephalum (strain HU554 × HU560), was cultured with oat flakes on a 1% non-nutrient agar gel at 25°C in the dark. Both plasmodia and spores of the slime mould (Physarum polycephalum) were extracted without media (0.5g) and placed in a 10 ml glass vial (Supelco, Poole, UK) sealed with a PTFE/silicone rubber septum. The volatiles were extracted immediately using the method described in section 2.2.
Headspace volatile collection by Solid Phase Micro-extraction
The volatiles were sampled statically by the exposure of the SPME fibre to the headspace above the cultures. Sampling of the headspace volatiles was undertaken using 75 μm carboxen/ polydimethylsiloxane (CAR/PDMS) fibre (Sigma-Aldrich, Dorset, UK). The fibre was thermally conditioned in the injection port of a GC (Clarus 500, Perkin Elmer, Beaconsfield, UK) at 250°C for 10 minutes prior to each analysis, and a blank run of the fibre and the GC column were carried out after conditioning to ensure both were clean..
For the volatile extraction the vials were placed in a heating block (TECHNE DryBlock® DB-3, UK) and were equilibrated at 75°C and 30°C for 5 mins prior to the volatile analysis. The volatile collection was carried out at 75°C for 1hr and at 30°C for 3h. The analysis was repeated with new cultures at both extraction temperatures. Empty vials were extracted at both temperatures to serve as a control.
Gas chromatography mass-spectrometry (GC-MS) analysis
Analyses were carried out using a Perkin Elmer Clarus 500 GC-MS (PerkinElmer, Beaconsfield, UK). The capillary column used was a 60 m long Zebron ZB-624 capillary GC column with an inner diameter of 0.32 mm I. D. and 1.4 μm film thickness (Phenomenex, Macclesfield, UK). The stationary phase consisted of 94% dimethyl polysiloxane and 6% cyanopropyl-phenyl. The GC was operated in splitless mode. The GC injection port was fitted with a 1 mm quartz liner and heated to 250°C. The carrier gas was helium (BOC, Guildford, UK) with a flow of 1.1 ml min-1.
The GC was held at 35°C for one min and then ramped up by 7°C min-1 to 100°C with no hold, then 4°C min-1 to 200°C with no hold, then at a rate of 25°C min-1 the temperature was raised to 250°C with a 38 min hold giving a total run time of 75.29 min.
MS scan time was from 0-75.29 min, with no solvent delay. The MS system was operated in the electron ionization (EI) mode at 70eV, scanning the mass ion range 10-300 with a scan time of 0.3 seconds and interscan delay of 0.05 seconds.
Volatile Identification
The volatile identification was determined using Turbomass 5.4.2 and the NIST 2005 library.Peaks were searched manually with a forward and reverse match of at least 800/1000 used as the threshold, otherwise the compounds were labeled as unknown. Table 1 Another interesting compound identified in the headspace samples was geosmin, which is strongly associated with an earthy aroma [Gerber and Lechevalier 1965] . Indeed it is mainly responsible for the strong smell when rain falls after dry weather or after soil has been disturbed. This is because it is produced by a number of classes of soil dwelling microbes including cyanobacteria and actinobacteria. It was established that the actinobacteria Streptomyces coelicolor biosynthesizes geosmin by converting farnesyl diphosphate via a two step process using the bifunctional enzyme geosmin synthase The aim of the work was to measure the volatiles directly from P. polycephalum.
Results & Discussion
Therefore, samples were collected of the plasmodium growing across an inert substrate without media. In the same way spores were collected from P. polycephalum that had sporulated on an inert media. However, it should be noted that P. polycephalum had previously been cultured on non-nutrient agar with the addition of oat flakes. Therefore, as with all studies of this nature it is impossible to exclude the effects of nutrients, pathogenic microbes, commensal microbes etc. It is also difficult to replicate natural conditions/nutrients for the plasmodium.
This work has presented new data on the volatile metabolites extracted from the headspace above the plasmodial stage and sporulating stage of P. polycephalum. It was beyond the scope of the current study to investigate the function of these volatiles.
However, this work could form the basis of further metabolomic and functional investigations of P. polycephalum. Future work could also incorporate these volatiles into simple chemotactic assays monitored against VOCs and more complex molecules already known to have an effect on P. polycephalum. The overarching aim of our work is to control the growth direction, speed and morphology of the plasmodial stage. This would hopefully enable directed transport of nanoparticles by the slime mould and the creation of functional materials.
Conclusion
This work presents new data on the volatile metabolites excreted into the headspace into similar chemotactic assays. In addition more work needs to be carried out to establish the function of these VOCs within P. polycephalum. Future work would also investigate whether VOCs could be used to control the growth rate and morphology of P.
polycephalum.
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